Shigella flexneri is a facultative intracellular pathogen that relies on a type III secretion system and its associated effector proteins to cause bacillary dysentery in humans. The genes that encode this virulence system are located on a 230-kbp plasmid and are transcribed in response to thermal, osmotic, and pH signals that are characteristic of the human lower gut. The virulence genes are organized within a regulatory cascade, and the nucleoid-associated protein H-NS represses each of the key promoters. Transcription derepression depends first on the VirF AraC-like transcription factor, a protein that antagonizes H-NS-mediated repression at the intermediate regulatory gene virB. The VirB protein in turn remodels the H-NS-DNA nucleoprotein complexes at the promoters of the genes encoding the type III secretion system and effector proteins, causing these genes to become derepressed. In this study, we show that the VirB protein also positively regulates the expression of its own gene (virB) via a cis-acting regulatory sequence. In addition, VirB positively regulates the gene coding for the VirF protein. This study reveals two hitherto uncharacterized feedback regulatory loops in the S. flexneri virulence cascade that provide a mechanism for the enhanced expression of the principal virulence regulatory genes.
S
higella flexneri is a Gram-negative facultative intracellular pathogen of humans and primates and is the causative agent of bacillary dysentery (20, 22, 48, 50, 51, 60) . The invasion of host cells by S. flexneri requires the expression of virulence genes located on a 230-kb plasmid ( Fig. 1) (12, 16, 61, 62) . The products of these genes include the Ipa invasins, which mediate the invasion of the gut epithelium and macrophage apoptosis; the Mxi and Spa proteins, which form a type III secretion system (TTSS) (2-4, 9, 10, 49, 64, 75) ; and the IcsA, IcsB, and VirA proteins, which are responsible for the intercellular spreading of bacteria in the lower gut (7, 12, 29, 56, 63, 74) . The virulence genes are expressed only under conditions approximating those found at the site of host cell invasion, i.e., at 37°C, at a pH of 7.4, and with moderate osmolarity (18, 38, 39, 45, 46, 52, 53) . Modifications to local DNA topology in response to environmental stress play an important part in modulating S. flexneri virulence gene transcription (18, 42, 47, 72) . The chromosomally encoded H-NS protein controls much of this expression through the repression of many of the virulence promoters under conditions that are inappropriate for invasion (6, 17, 34, 35, 39) . Virulence gene activation occurs via a regulatory cascade mediated by the plasmid-encoded VirF and VirB proteins (1, 19, 20) (Fig. 1) .
The transcriptional cascade is initiated with the activation of the virF gene, which encodes an AraC-like transcription activator (55) . The H-NS protein binds to two sites at the virF promoter, one overlapping the transcription start site and the other centered upstream at position Ϫ250, separated by a region of DNA that is intrinsically curved (see Fig. 3 ) (26, 57) . Repression involves the formation of a nucleoprotein complex in which H-NS binds cooperatively to these sites at virF (58) . This nucleoprotein complex is temperature sensitive, forming at temperatures below 32°C but being disrupted by the changes in DNA topology that accompany a temperature upshift to 37°C (58) . This disruption in local DNA architecture simultaneously reveals a binding site for the factor for inversion stimulation (FIS) nucleoid-associated protein within the promoter region of virF. The principal role of FIS at the virF promoter is to exercise direct positive transcriptional control at the permissive temperature of 37°C, once the H-NS-mediated repression of virF has been relieved (27) . The integration host factor (IHF) architectural protein also facilitates the expression of virF: the transcription of virF is stimulated by IHF in both the logarithmic and the early stationary phases of growth (54) . The regulation of virF gene expression also includes posttranscriptional controls that act to modulate the rate of mRNA translation (23, 24) .
With the repression of virF overcome, the AraC-like protein VirF activates the transcription of the virB regulatory gene. VirF interacts directly with the virB promoter in a region spanning positions Ϫ17 to Ϫ105 (71) . The VirF binding sites are located immediately upstream of the region bound by H-NS, which extends from positions Ϫ20 to ϩ20 and includes the virB promoter. The inactivation of hns gene expression by mutation causes an increased expression level of the virB gene at 30°C, demonstrating that H-NS plays a role in controlling the thermal regulation of virB expression (6, 35) . However, there is an absolute requirement for the presence of the VirF protein for the full activation of virB, indicating that the AraC-like VirF protein is not simply an antirepressor that displaces H-NS but has a positive role to play in virB promoter activation (53, (70) (71) (72) . The current model predicts that VirF interacts physically with RNA polymerase to induce transcription and that this interaction is dependent on an increase in the local negative supercoiling of the DNA (55, 71, 72) . The shift to an optimum DNA topology occurs in response to an increase in temperature from 30°C to 37°C and under conditions of high osmolarity (47, 52, 72) . Thus, at 30°C, the presence of VirF alone is insufficient to activate virB, but at 37°C or under high-salt conditions, DNA topological changes at the promoter make interac-tions between VirF and RNA polymerase productive, leading to transcription activation. The binding of IHF to the region upstream of the VirF binding site further enhances the expression of virB (54) . Like the virF gene, the virB gene is also the subject of posttranscriptional control, in this case via the iron-regulated small regulatory RNA RyhB (44) .
The VirB protein acts as an antirepressor to alleviate the H-NSmediated transcriptional silencing of the promoters that govern the expression of the operons on the 230-kbp plasmid that encode the type III secretion system and its effector proteins ( Fig. 1) (6, 26, 27, 57, 58, 68, 73) . VirB binds to a DNA sequence motif that is related to those parS sequences that are targeted by ParB-like proteins involved in plasmid partitioning (68, 73) . Indeed, the VirB protein itself closely resembles a ParB-like protein in its amino acid sequence (1, 5, 41) . If the virB gene played a plasmid-partitioning role in an earlier phase of the evolution of the plasmid, this is no longer the case (12, 65) . The loss of this (hypothetical) plasmid-partitioning function may have made the VirB DNA binding protein available for the gene regulatory role that it performs in the modern plasmid. This role places it at a point that is intermediate between the primary regulator, VirF, and the promoters of the structural genes. The significance of having a two-stage VirFVirB-dependent regulatory system for the S. flexneri virulence cascade is unclear but may reflect the evolution of a regulatory checkpoint within the cascade at virB (35, 73) .
VirB regulates transcription via a relatively unsophisticated mechanism in which it uses the parS-like sequence as an initial binding and nucleation site and then polymerizes along the DNA to antagonize H-NS binding at adjacent AϩT-rich DNA sequences; the associated remodeling of the nucleoprotein complex allows the silenced promoter to be derepressed (73) . The VirB binding site on the 230-kbp plasmid with the best match to a complete parS-like sequence is located upstream of the icsB gene. Other functional VirB binding sites on the plasmid that have been characterized have the core elements of the parS sequence but lack the completeness of the icsB motif (14, 73) .
The virB gene is separated from the icsB parS-like motif by the icsB-ipg-ipa-acp operon (Fig. 1) . Since ParB-like proteins can autoregulate their own genes via adjacently located cis-acting parS sequences (8, 11, 21, 25, 28, 32, 37) , it was hypothesized previously that virB may have been disconnected from the VirB binding site at icsB through the insertion of the icsB-ipg-ipa-acp operon during the evolution of the 230-kbp plasmid (35) . Might this mean that VirB once had a role in controlling the expression of its own gene, and if so, has the modern plasmid evolved an alternative mechanism that restores the VirB-mediated control of virB transcription? This question seemed relevant given the many examples of bacterial regulatory proteins that govern the expression of the genes that encode them (33, 36, 59, 66, 69) . Here we report the discoveries that VirB does indeed positively autoregulate virB transcription and that VirB also feeds back positively onto the transcription of the virF master regulatory gene.
MATERIALS AND METHODS
Bacterial strains, plasmids, and oligonucleotides. All of the bacterial strains used in the study were derivatives of Shigella flexneri serotype 2a strain 2457T or Escherichia coli K-12. They are listed in Table 1 , together with genotypes and sources. The plasmids used in this study are listed in Table 2 , together with genotypes, sources, and any details of plasmid construction. The sequences of all of the oligonucleotide primers used in the study are listed in Table 3 .
DNA manipulations. Plasmid DNA was routinely purified from 3-ml cultures of E. coli or S. flexneri strains by using the HiYield plasmid minikit according to the manufacturer's instructions (RBC Bioscience). Bacterial chromosomal DNA was isolated by using the Puregene DNA purification kit (Gentra). Linear DNA fragments, either PCR products or restrictionendonuclease-cleaved DNA, were purified for cloning or for the preparation of labeled probes by using the HiYield gel/PCR DNA fragment extraction kit (RBC Bioscience). Restriction endonuclease cleavage of circular plasmids or linear DNA involved incubation with 1 to 2 U of the restriction enzyme in a 20-l volume containing the appropriate reaction buffer. Reaction mixtures were incubated at the recommended temperature for 1 to 2 h. Following digestion, the reaction mixtures were usually heated to Ͼ60°C for 20 min to denature the enzyme. Bacteriophage T4 DNA ligase (Roche) was used when DNA fragments were cloned into the plasmid vectors. Site-directed mutagenesis (SDM) was performed by using the QuikChange II SDM kit according to the manufacturer's recommendations (Stratagene). Growth conditions. All experiments were performed, unless otherwise stated, at 30°C, a temperature that is nonpermissive for virB gene expression. The ectopic expression of the virB gene was achieved by using a pBAD33-derived plasmid in which the virB open reading frame was transcribed from the P BAD promoter. This promoter was induced by using 0.2% L-arabinose and repressed by using 0.2% D-glucose. Cultures were grown overnight with antibiotic selection and aeration in LB broth and then diluted 1:100 into 25 ml of fresh prewarmed broth containing a selective antibiotic and either 0.2% D-glucose or 0.2% L-arabinose in a 250-ml flask and grown for a further 18 h, by which time they had reached the stationary phase. Samples were then removed for analysis.
Immunodetection of the VirB protein.
Total protein extracts were separated through a 12% SDS-PAGE gel. The separated proteins were transferred by electroblotting onto a nitrocellulose membrane for 1 h at 80 V using the Bio-Rad MiniProtean II system. Nitrocellulose membranes were stained with Ponceau red (0.2% Ponceau dye, 3% trichloroacetic acid) to check the efficiency of transfer before being blocked overnight with 5% dried skimmed milk in phosphate-buffered saline (PBS). The detection of VirB was performed with PBS containing 1% dried skimmed milk with primary polyclonal anti-VirB antiserum (1:500) and a secondary goat anti-rabbit horseradish peroxidase-conjugated antiserum (1: 10,000). Membranes were developed by using the chemiluminescent Pierce West Pico Super Signal kit. The vector-only control contained the pBAD33 plasmid without the virB insert. Equal protein loading onto gels used for immunoblotting was ensured by monitoring the presence of the DnaK protein using rabbit monoclonal anti-DnaK antiserum at a dilution of 1:200,000 (Enzo Life Sciences).
Real-time quantitative PCR. Total RNA was isolated from cultures by using the SV Total RNA isolation system (Promega), and purity and quality were assessed by electrophoresis in 1% agarose (1ϫ Tris-acetate-EDTA [TAE]). Residual DNA contamination was removed by treatment with DNase I (Ambion DNA-free kit). Copy DNA templates were synthesized by random priming with 1 g of RNA in a 20-l reaction mixture using the GoScript reverse transcription system (Promega). Primers for quantitative real-time PCR (qRT-PCR) are listed in Table 3 . PCRs were carried out in duplicate with the primer set on an ABI 7500 sequence detection system (Applied Biosystems), using FastStart SYBR Green (Rox; Roche). Standard curves were generated for each primer set by using five serial 10-fold dilutions of chromosomal DNA and were included in every run.
Quantification of green fluorescent protein (GFP) reporter constructs. The bacterial culture to be assayed was harvested and immediately fixed in 4% formaldehyde in PBS and then stored at 4°C in the dark. Prior to analysis, samples were diluted to a concentration of approximately 10 6 bacteria per ml and then analyzed with an Epics-XL flow cytometer (Beckman Coulter). Approximately 10,000 bacteria per sample were assayed, and the results were expressed as mean channel fluorescence after analysis using EXPO-XL software. Each sample was measured in duplicate, and the mean values were determined from the results of at least three independent experiments.
DNase I footprinting using FAM-labeled primers. The use of fluorescently labeled primers eliminates the need for radioactively labeled nucleotides, as well as slab gel electrophoresis, and takes advantage of commonly available automated fluorescent capillary electrophoresis instruments. With fluorescently labeled primers and dideoxynucleotide DNA sequencing, the terminal base of each digested fragment can be accurately identified with a capillary-based instrument (13) . PCR was performed with a 6-carboxyfluorescein (FAM)-labeled primer to amplify the target promoter region of interest. This PCR product was then incubated with purified VirB, or bovine serum albumin (BSA) as a control, and then partially digested with DNase I. Briefly, bait DNA was prepared by using primers pZec.6FAM.F and pZec.comfirm.R (Table 3 ). The reactions were then conducted with a 15-l reaction mixture volume consisting of 1ϫ DNase I buffer (Roche) (40 mM Tris-HCl, 10 mM NaCl, 6 mM MgCl 2 [pH 7.9]), 0.001 mM dithiothreitol, 100 ng/l BSA, 50 nM bait DNA, and 50 M VirB-His. This mixture was allowed to equilibrate at 37°C for 15 min, and 1 l (0.0015 units) of DNase I was then added, mixed gently, and then incubated at 37°C for 10 min. The digestion reaction was stopped by the addition of 2 l EDTA (100 mM) to the mixture, followed by vigorous vortexing and heat denaturation at 95°C for 10 min. Digestion products were desalted by using MicroSpin G-50 columns (GE Healthcare) and then analyzed by use of an ABI 3130 genetic analyzer along with GeneScan 500-Liz size standards (Applied Biosystems).
RESULTS
Ectopic expression of the VirB protein at 30°C can alleviate the repressive effects of H-NS at the virB and virF promoters. The thermoregulation of the virB and virF promoters involves transcriptional repression by H-NS at nonpermissive temperatures, i.e., 30°C (1). VirB-dependent promoters of virulence structural genes can be derepressed under these conditions by the ectopic overexpression of the VirB protein in trans (6) . The effect of VirB on its own promoter and on that of virF was tested by using a similar approach. The P BAD promoter, which is induced by L-arabinose and repressed by D-glucose, was used to manipulate the levels of the VirB protein in the cell, and VirB protein levels were monitored by Western blotting ( Fig. 2A and B) The levels of each transcript specified by the virB and virF promoters were then analyzed by qRT-PCR, using oligonucleotide primers specific for each promoter. In the case of the virB transcript, a forward primer (virB.RT.fw.ϩ2) ( Table 3 ) was designed to anneal immediately after the native virB promoter but preceding the start codon of the virB open reading frame. This is a region that was not included when expression plasmid pBADvirB was constructed (6) . When used in combination with the reverse primer virB.RT.rev (Table  3) , this facilitated discrimination between the native virB transcript and that expressed by the P BAD promoter in plasmid pBADvirB. Under conditions of low-level VirB protein expression (i.e., in the presence of D-glucose), the promoters of both virB and virF were only weakly active, as was expected under these repressive conditions. However, with the increase in the level of VirB protein production in the culture to which L-arabinose was added, both the virB and virF promoters were derepressed (Fig. 2C ). The expression level of virB increased 5-fold upon the induction of VirB protein expression, while the virF expression level increased 3-fold. In an hns null mutant, both promoters produced results similar to those seen following VirB-mediated derepression. This was consistent with the established role of VirB as an H-NS antagonist (35, 73) .
Autoregulation of virB is dependent on a cis-acting VirB binding site. Further investigation of VirB autoregulation was conducted with a virB-gfp reporter fusion. A region of 330 bp of the virB promoter was inserted upstream of the green fluorescent protein gene (gfp) to monitor virB promoter activity. This construct incorporated the promoter, the H-NS binding sites spanning positions Ϫ20 to ϩ20, and the upstream region extending to position Ϫ310. The experiments were conducted at a nonpermissive temperature of 30°C, a temperature at which virB was normally repressed, using cultures grown aerobically to the stationary phase. The P BAD vector system was used to manipulate the levels of the VirB protein in the cell with the addition of either 0.2% D-glucose to repress transcription (ϪVirB) or 0.2% L-arabinose to induce transcription (ϩVirB) (Fig. 3) . In the presence of D-glucose, the virB-gfp fusion remained repressed, but in the presence of L-arabinose, the increased expression level of the VirB protein resulted in a 5-fold increase in the virB-gfp transcription level (Fig.  3A) . In an hns null mutant, the level of expression of the virB-gfp fusion increased 5-to 6-fold despite the repressive temperature, showing that the virB-gfp fusion showed a response profile similar to that of the native virB gene (Fig. 2C and 3A) .
The truncation of the virB promoter region to include only the segment between positions Ϫ80 and ϩ190 abolished the sensitivity of the virB construct to the presence of the VirB protein (Fig.  3B ). This finding suggested that virB autoregulation was dependent on the region extending from positions Ϫ310 to Ϫ80. The truncated virB construct retained most of the region known to be bound by VirF (71) and so could be activated by this essential transcription factor upon the removal of H-NS from the promoter. This was demonstrated by monitoring the expression of the construct in an hns mutant, where a 5-fold increase in promoter activity was detected (Fig. 3B) . These data suggested the possibility of a binding site for the VirB protein in the region spanning positions Ϫ310 to Ϫ80 of the virB promoter. A previously reported analysis of the icsB, spa15, and virA promoters of Shigella sonnei established a consensus binding site for VirB as being 5=-(A/G)(A/T)G(G)AAAT-3= (68). These sites are not always found as inverted repeats as was the case for icsB (73) . Bioinformatic analysis of the virB promoter revealed a close match to this sequence, centered at position Ϫ280. The putative VirB binding site, 5=-ATTGAAAT-3=, matched the consensus at seven of eight positions. This site was mutagenized in accordance with previously reported data relating to the binding specificity of VirB (73) , to generate the mutated derivative 5=-GCCTGGGC-3=. When monitored in the presence or absence of the VirB protein during growth at a repressive temperature (30°C), the VirB-dependent upregulation of the virB promoter was diminished in the mutant with the altered site, suggesting that this was indeed a binding site for VirB (Fig. 3C) .
Interestingly, the insertion of the well-characterized VirB binding site from the icsB promoter at position Ϫ80 of the mutated virB promoter restored this VirB-dependent derepression of the virB promoter (Fig. 3D) . This demonstrated that the VirB binding site at the virB promoter could be removed and functionally replaced by a VirB binding site native to another VirB-regulated promoter. It also showed that the location of the site can be The expression levels of virB and virF were also monitored in the presence of the pBAD33 vector alone and in an hns null mutant. These experiments were performed at a growth temperature of 30°C, which is repressive for the expressions of the virB and virF genes in wild-type strain BS184.
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altered without a loss of function, in keeping with our previous findings (35) .
A cis-acting VirB binding site facilitates VirB-mediated derepression of virF. A virF-gfp transcriptional fusion was constructed to examine the effect of increasing the concentration of the VirB protein on a repressed virF promoter in bacteria growing at 30°C ( Table 2 ). The region of the virF promoter placed upstream of gfp spanned positions Ϫ380 to ϩ64 and included all of the virF DNA that is known to be bound by the H-NS and FIS proteins (58) . Once again, the experiments were conducted at a repressive growth temperature (30°C), and the intracellular concentration of the VirB protein was manipulated by using the L-arabinose-inducible P BAD promoter. The virF regulatory region of the virF-gfp fusion maintained H-NS-mediated repression at 30°C in the absence of VirB; however, upon the induction of VirB protein expression, the virF-gfp fusion was upregulated to levels similar to those obtained with an hns mutant (Fig. 3E) . The shortening of the promoter region to remove DNA upstream of the H-NS binding site (position Ϫ278) did not inhibit the VirB-mediated derepression of the virF promoter (Fig. 3F ). This finding indicated that any potential VirB binding site either overlapped the H-NS binding region or was located at a site within the 160 bp of the DNA connecting the two H-NS binding sites. An inspection of the DNA sequence of this region revealed a close match to the consensus for VirB binding sites at position Ϫ134. The DNA sequence of the putative VirB binding site, 5=-GTGCAAAT-3=, matched the consensus sequence at seven of eight positions. This placed it almost exactly at the midpoint between the two H-NS binding sites. The DNA sequence of the VirB binding site was mutated to 5=-GCTC GGGC-3=, and this resulted in a reduced level of derepression in the presence of the VirB protein. Full derepression was detected only in an hns mutant (Fig. 3G) .
VirB interaction with the regulatory regions of the virB and virF promoters. Bioinformatic analysis and assays of mutagenized promoters identified possible VirB binding sites in the regulatory regions of the virB and the virF promoters. Preliminary evidence obtained from electrophoretic mobility shift assays (EMSAs) suggested that the VirB protein bound directly to both the virB and virF promoters (data not shown). To obtain more precise information about the VirB binding sites, DNase I protection assays were conducted in vitro with purified VirB protein at each of the promoters.
The DNase I footprinting experiments were performed by using an automated capillary DNA sequencer. With this method, the DNA was amplified with a fluorescent dye, rather than a radioactive label, that could easily be detected with an automated fluorescent DNA analysis instrument that resolves oligonucleotides by capillary electrophoresis. The virF and virB promoter regions used in the EMSA studies were PCR amplified by using FAM-labeled primers and incubated with or without purified VirB protein. These mixtures were then subjected to DNase I digestion. The reactions were stopped after 10 min, and the fluorescently labeled digestion products were analyzed. In the case of the virB regulatory region, a zone of protection was detected between positions Ϫ290 and Ϫ180 (Fig. 4A and B) . This location corresponded to the VirB binding-site consensus sequence revealed by bioinformatic and site-directed mutagenesis studies (Fig. 3C) . For the virF region, an area of protection associated with VirB binding was observed between positions Ϫ160 and Ϫ90 (Fig. 4C and D) , again corresponding to the location of the putative VirB binding-site consensus sequence (Fig. 3G) .
VirB is required for the thermal induction of the virB and virF promoters. An increase of the temperature to 37°C, indicative of entry into the human host, is the key environmental signal resulting in an invasive phenotype of S. flexneri (70). The abovedescribed data suggested that VirB could exert an effect at 30°C when overexpressed ectopically by using an inducible promoter. It was possible that this VirB-dependent derepression of H-NS-mediated transcriptional silencing at the virB and virF promoters aided the upregulation of these genes, and, hence, the virulence genes, following a thermal upshift from 30°C to 37°C.
To test this hypothesis, cells of wild-type strain BS184, harboring the virB-gfp fusion on plasmid pZep08, and virB null mutant strain CJD1018, harboring the same virB-gfp fusion, were grown overnight at 30°C. The cells were then diluted 1:100 and grown at 30°C until the early exponential phase (optical density at 600 nm [OD 600 ] of 0.1), when the cultures were divided, and one-half was shifted to a temperature of 37°C. Samples were taken at regular time points, and the level of GFP fluorescence was measured. It was found that in the virB null mutant, the induction of the virBgfp fusion was delayed and reduced compared to the induction of the virB-gfp fusion in a wild-type background with a functional copy of the virB gene (Fig. 5) . Therefore, VirB contributes to the full induction of the virB promoter in response to a thermal upshift, presumably by aiding in the removal of H-NS from the virB promoter region.
Similar experiments were conducted with the virF-gfp promoter fusions in wild-type and virB mutant backgrounds. The results showed that while the initial induction of the virF promoter was reduced in strains lacking the VirB protein, the ultimate level of virF transcription after 6 h of growth was similar to that observed for the wild type. This finding suggested that while VirB may play a role in boosting the initial activation of transcription of virF in response to a thermal upshift, this VirB dependency ceased to be relevant upon continued growth at the inducing temperature, at least under laboratory growth conditions (Fig. 5) .
DISCUSSION
The regulatory cascade of Shigella flexneri is a paradigmatic example of the integration of environmental cues to elicit the expression, assembly, and activation of essential virulence factors (16, 19, 20, 30, 53) . While once thought to be a linear, step-by-step process, in which environmentally wrought DNA topological adjustments activate virF, which in turn activates virB, which then derepresses the structural and effector protein genes, the results reported here reveal a much more sophisticated mechanism of transcriptional control. Our data demonstrate for the first time the ability of the VirB protein to upregulate both H-NS-repressed virB and virF promoters even during growth at the nonpermissive temperature of 30°C. These results show that virB, the regulatory gene located at an intermediate position in the wiring diagram of the S. flexneri virulence cascade, not only is autoregulated but also controls the expression of the primary regulatory gene virF, which has hitherto been ranked above it (Fig. 6) .
The mechanism by which VirB regulates transcription is noteworthy for its relative mechanistic simplicity. VirB is an antirepressor whose chief task is to antagonize the transcriptional silencing activity of the H-NS protein. It does so by remodeling the H-NS-DNA nucleoprotein complex to facilitate the transcription of the silenced gene(s), and its ability to do so is linked directly to its intracellular concentration. The artificial adjustment of the concentration of the VirB protein upwards in bacteria growing at temperatures that are usually nonpermissive for virulence gene expression results in the derepression of those genes (6, 35, 73) . Even at nonpermissive temperatures, low levels of the VirB protein can sometimes be detected in wild-type S. flexneri, suggesting that the protein concentration, while measurable, is below a threshold required for structural gene derepression (6, 53) . The results described in this study reveal that the virB gene is itself a target for VirB-mediated transcriptional derepression. This provides a mechanism for boosting the rate of accumulation of the VirB protein for the positive control of the virulence cascade once the appropriate profile of environmental signals has been detected by the system. However, this simple VirB-virB positive feedback loop is complicated by its dependency on VirF, the AraC-like transcription factor that is essential for the full activity of the virB promoter (1, 71, 72) . Our discovery that VirB also feeds back positively onto virF transcription addresses this complication by providing a mechanism to boost VirF and VirB levels simultaneously. In this way, both regulatory protein requirements of the virB promoter are met: VirB is available (presumably) to antago-nize H-NS-mediated transcription silencing, and VirF contributes to the same antisilencing process and activates the virB promoter, in keeping with its role as a conventional transcription activator. The improvement in virF transcription due to the presence of VirB is significant but relatively small under the conditions used in our study (Fig. 5) . This may reflect the fact that the in vitro growth regimen fails to capture all of the elements of the environment that characterize the site of epithelial cell invasion in the lower intestine of the host.
The two VirB binding sites that were characterized bioinformatically, genetically, and biochemically in this study expand further the list of such sites within the S. flexneri regulatory cascade. All of these sites share strong similarity to the box A motif of cis-acting parS sequences that are bound by ParB-like plasmidpartitioning proteins. The example of the icsB promoter remains the most parS-like of them all, and this may reflect an earlier role for this particular DNA sequence in plasmid segregation. For these DNA sequences to participate in antirepression at H-NS-silenced promoters, they have to bind VirB and to be appropriately positioned with respect to the H-NS-DNA nucleoprotein complex (35) . The meaning of "appropriate positioning" is likely to vary from promoter to promoter, depending on which other regulatory factors are involved. The virF promoter experiences numerous controlling influences, including those of H-NS and its antagonists, the positively acting FIS and IHF proteins. The center of our newly discovered VirB binding site is located at position Ϫ134, flanked by the two sites that are bound and bridged by H-NS (Fig. 6) (17, 58) . Extrapolating from the example of the icsB promoter, where the DNA-dependent polymerization of the VirB protein is known to coat about 100 bp of DNA (73), a similar behavior at virF would result in VirB binding extending right up to the H-NS-occupied sites, facilitating antirepression. Previously reported data obtained with a synthetic proU promoter harboring a VirB binding site also support this proposal (35) .
As stated above, any model of VirB-H-NS antagonism at virB must also take into consideration the requirement for VirF for full activation. It may not be necessary for both VirF and VirB to be bound to the virB promoter simultaneously; perhaps VirB acts initially to prepare the promoter for VirF-mediated activation by first dislodging the H-NS repressor. More work is required to test this possibility.
The relevance of virB positive autoregulation and positive feedback onto virF becomes clear when the thermal induction kinetics of both promoters are observed (Fig. 6 ). Without autoregulation, the virB promoter has a delayed response to its thermal environmental cue and maintains a reduced level of transcription. The virF promoter is also delayed in activation; however, this is eventually overcome, most likely by conformational changes in the DNA, which are known to displace H-NS and permit activation by FIS (57, 58) . The intermediate regulatory step of virB expression in the regulatory cascade has been a matter of some speculation. It is assumed that it provides a regulatory checkpoint prior to full commitment to the expression of the elaborate type III secretion system (16, 35) . However, this additional regulation may impose a cost on the bacterium by postponing the assembly of the essential secretion system, while virB is derepressed, transcribed, and translated into a functioning antagonist of H-NS. Perhaps one purpose of positive feedback in the regulatory cascade is to ensure a tran- scriptional surge in virB expression, and, to a lesser extent, virF expression, to allow a "jump start" in TTSS gene expression in response to the appropriate environmental signals (Fig. 6) .
The detailed dissection of the S. flexneri virulence regulatory cascade illustrates the flexibility of bacterial gene regulatory circuits and their capacity to adapt through evolution to meet the challenges of an ever-changing environment. Bacteria have evolved a diverse set of regulatory pathways that govern various adaptive responses to survive under rapidly changing environmental conditions (40) , and feedback loops are common elements of cellular regulatory circuits (15) . Feedback regulation is critical for virulence in bacterial pathogens (76) , and positive feedback is thought to shape response timing to allow the rapid expression of necessary genes when activated by certain stimuli (43, 67) . These criteria certainly apply in the case of the S. flexneri virulence gene regulatory cascade, where the role of positive feedback at the level of transcription had hitherto been undiscovered.
